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Permanent  magnet  synchronous  motor  (PMSM)  is  the  most  reliable  and 
efficient  machine  that  widely  used  in  robotics  and  automation,  industrial 
applications,  electric  vehicles,  home  appliances,  aircraft  and  aerospace 
technology  due  to  its  high  efficiency,  good  dynamic  performance  and  high 
torque  density.  In  this  paper,  the  influence  of  various  types  of  winding 
configuration  and  different  magnetization  patterns  in  the  performance  of  a 
five -phase  PMSM  is  investigated.  Three  types  of  magnetization  patterns  such 
as  radial  magnetization  (RM),  parallel  magnetization  (PaM),  and  multi- 
segmented  Halbach  magnetization  (SH)  are  applied  to  the  five -phase  10- 
slot/4-pole  PMSM  during  open-circuit  and  on-load  conditions.  A  2D  finite 
element  method  (FEM)  is  intensively  used  in  this  investigation  to  model  and 
predict  the  electromagnetic  characteristics  and  performance  of  the  PMSM. 
The  detailed  results  from  the  finite -element  analysis  (FEA)  on  the  cogging 
torque,  induced  back-emf,  airgap  flux  density  and  electromagnetic  torque  are 
analysed.  The  induced  back-emf  of  the  machine  is  computed  further  into  its 
harmonic  distortions.  Additionally,  the  skewing  method  for  minimization  of 
cogging  torque  of  PMSM  is  proposed.  From  the  results,  it  is  observed  that 
the  five-phase,  lO-slot/4-pole  PMSM  with  double  layer  distributed  winding 
and  parallel  magnetization  gives  the  best  machine  performance. 
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1.  INTRODUCTION 

For  the  past  deeades,  transportation  seetor’s  fuel  eonsumption  has  grown  at  a  higher  rate  than  other 
industrial  seetors.  This  inerease  was  largely  derived  from  the  new  demand  for  personal  use  of  vehieles 
powered  by  eonventional  internal  eombustion  engines.  With  inereased  awareness  of  air  pollutions  and  rising 
fuel  priees,  eleetrie  vehieles  have  emerged  as  an  alternative  solution  to  replaee  the  eonventional  vehieles  [1, 
2].  Permanent  magnet  synehronous  motor  (PMSM)  is  a  very  good  eandidate  for  the  eleetrie  vehiele 
applieations  due  to  its  advantages  sueh  as  high  power  density  and  high  effieieney  with  an  effieient  heat  lost  to 
the  surrounding  [3,  4].  However,  eleetrie  vehiele  applieations  require  extremely  high  reliability  that  made  the 
traditional  three-phase  PMSM  faeing  a  severe  ehallenge.  Multi-phase  drives  have  additional  degrees  of 
freedom  that  ean  be  used  for  different  purposes,  sueh  as  additional  torque  generation  or  fault  toleranee  when 
a  part  of  the  system  fails  [5-7].  With  the  inerease  in  the  number  of  phases,  the  multi-phase  PMSM  ean  obtain 
the  highest  possible  reliability.  Therefore,  multi-phase  PMSM  drive  system  offers  another  solution  for  the 
eleetrie  vehiele  drive  system.  In  order  to  aehieve  a  high  performanee  PMSM,  both  rotor  and  stator  struetures 
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of  the  motor  must  be  eonsidered.  PMSM  has  two  types  of  windings  whieh  ean  be  applied  to  the  stator  eore 
sueh  as  eoneentrated  windings  and  distributed  windings  [8,  9].  The  eoneentrated  windings  ean  reduee  the 
eopper  loss,  while  the  distributed  windings  may  eontribute  to  higher  torque  output  of  the  motor.  But  the 
eopper  loss  from  distributed  windings  is  usually  higher  than  that  of  eoneentrated  windings.  In  this  paper,  a 
five-phase,  lO-slot/4-pole  PMSM  is  designed  based  on  an  analytieal  ealeulation  to  determine  the  maehine 
dimensions  using  sizing  equations.  The  maehine  performanee  is  modelled  using  analytieal  sub-domain 
model,  and  further  analysed  using  the  finite  element  method  that  involves  with  three  different  winding  types 
i.e.  double-layer  distributed  winding  (DLDW),  single-layer  eoneentrated  winding  (SLCW),  and  double-layer 
eoneentrated  winding  (DLCW).  Three  types  of  magnetization  patterns  sueh  as  radial  magnetization  (RM), 
parallel  magnetization  (PaM)  and  segmented  Halbaeh  (SH)  magnetization  are  also  eonsidered  for  this 
five=phase,  lO-slot/4-pole  PMSM.  The  influenees  of  winding  eonfigurations  and  magnetization  patterns  on 
the  phase  baek-emf  and  the  eleetromagnetie  torque  are  analyzed  and  eompared.  Additionally,  the  eogging 
torque  is  analysed  and  further  minimized  by  applying  the  stator  skewing  method.  The  maehine  model  with 
the  best  maehine  performanee  will  be  seleeted.  The  researeh  starts  by  determining  the  maehine  design 
parameters  using  an  analytieal  model  and  sizing  equations.  Then,  six  models  of  PMSM  that  have  different 
magnetization  patterns  and  winding  eonfigurations  are  developed.  The  PMSM  motor  performanees  i.e.  the 
magnetie  veetor  potential,  flux  density  distribution,  phase  baek-emf,  eogging  torque,  and  eleetromagnetie 
torque  for  eaeh  design  are  analyzed.  Finally,  a  skewing  method  is  applied  in  order  to  reduee  the 
eogging  torque. 


2.  RESEARCH  METHOD 
2.1.  Machine  design  parameters 

The  maehine  dimensions  for  the  five-phase,  lO-slot/4-pole  PMSM  are  determined  based  on 
analytieal  ealeulation.  In  order  to  ealeulate  the  dimensions,  some  parameters  are  fixed  to  ensure  this  maehine 
model  is  applieable  in  hybrid  eleetrie  vehieles  (HE Vs)  and  eleetrie  vehieles  (EVs).  The  fixed  parameters  for 
the  five-phase  PMSM  are  referred  from  [10]  as  shown  in  Table  1.  In  [10],  the  five-phase  PMSM  applied 
surfaee-mounted  segmented  Halbaeh  (SH)  magnetization  with  double-layer  eoneentrated  winding  (DECW) 
eonfiguration. 


Table  1.  Main  parameters  for  five-phase,  lO-slot/4-pole  PMSM 


Parameters 

Values 

Parameters 

Value 

Magnet  remanenee,  (T) 

1.10 

Tooth  end  width,  v\/te(mm) 

1.5 

Saturation  flux  density,  B^at  (T) 

1.60 

Stator  bore  radius,  Rgi  (mm) 

26 

Magnet  relative  permeability, 

1.04 

Rotor  outer  radius,  R^  (mm) 

20 

Axial  aetive  length,  laimm) 

100 

Shaft  radius,  /^^^(mm) 

8 

Air  gap  thiekness,  Ig  (mm) 

1 

Wire  diameter  (mm) 

1 

Magnet  thiekness,  1^  (mm) 

5 

Slot  fill  faetor,  kf 

0.4 

Stator  outer  radius,  /?5o(nmi) 

60 

Iron  type 

M19-29G 

Magnet  outer  radius,  R^imm) 

25 

PM  type 

NdFeB 

The  others  maehine  parameters  sueh  as  stator  tooth  body,  stator  yoke,  rotor  yoke,  and  tooth  tip  are 
identified  using  sizing  equations  [11].  The  average  air  gap  flux  density  Bg  is  determined  using  (1),  where  the 
symbols  are  defined  in  Table  1.  Magnetie  flux  from  the  rotor  magnet  will  eross  the  air  gap  and  enter  the 
stator  teeth.  Therefore,  the  total  flux  per  stator  tooth  0^^  is  obtained  using  (2),  where  Ns  is  the  number  of 
slots.  Assuming  that  saturation  level  of  flux  density  Bsat  in  the  stator  and  rotor  eore  is  not  more  than  1.6T, 
then  the  stator  tooth  body  Wtb  is  ealeulated  using  (3).  For  this  lO-slot/4-pole  PMSM,  the  total  flux  passing 
through  the  stator  tooth  body  will  not  split  into  two  halves  when  reaehing  the  stator  yoke.  Therefore,  the 
stator  yoke  will  have  the  same  height  as  the  stator  tooth  body  Wtb  as  represented  in  (4).  The  rotor  yoke  Wry 
is  assumed  higher  than  the  theoretieal  value.  The  minimum  value  of  rotor  yoke  is  ealeulated  using  (5).  Total 
flux  per  magnet  pole  0^^  is  determined  using  (6),  where  p  is  the  pole-pair  number  of  the  PMSM.  Figure  1 
shows  the  lO-slot/4-pole  PMSM  model  with  different  magnetization  patterns  i.e.  RM,  PM,  and  SH.The 
performanees  of  maehine  i.e.  phase  baek-emf  and  output  torque  are  affeeted  by  the  alloeation  of  slots  for  the 
phase  eoils.  Therefore,  it  is  important  to  determine  the  winding  arrangements  in  the  five-phase,  lO-slot/4-pole 
PMSM  whieh  maximizes  the  maehine  performanee.  The  alloeations  of  phase  windings  in  the  lO-slot/4-pole 
PMSM  are  shown  in  Figure  2 
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Figure  1.  Rotor  magnet  with  different  magnetization  patterns  for  five-phase,  10-slot/4pole  PMSM,  (a)  Radial 
magnetization  (RM),  (b)  Parallel  magnetization  (PaM),  (c)  Segmented  Halbach  (SH) 


Figure  2.  Allocation  of  phase  windings  for  five-phase,  lO-slot/4-pole  PMSM,  (a)  SFCW,  (b)  DFCW, 

(c)  DFDW 


2.2.  Analytical  sub-domain  model 

Analytical  sub-domain  model  applies  separation  of  variables  technique  using  2D  Faplace’s  equation 
for  the  airgap  and  slot  opening  regions,  while  2D  Poisson’s  equation  for  the  magnet  and  winding  slot  regions 
[12,  13].  The  airgap  magnetic  flux  density  distributions  during  open-circuit,  armature  reaction  and  on-load 
conditions  can  be  accurately  estimated  using  this  analytical  sub-domain  model.  The  airgap  magnetic  flux 
density  can  be  determined  by  applying  the  appropriate  equations  with  certain  boundaries.  There  are  four 
regions  in  the  motor  modelling  i.e.  magnet,  air-gap,  slot  opening,  and  winding  slot  as  shown  in 
Figure  3  [14-17]. 
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Figure  3.  2D  design  for  analytieal  sub-domain  model  (Region  1:  PM,  Region  2:  airgap,  Region  3:  slot¬ 
opening,  Region  4:  winding  slot)  [18] 


The  magnetie  field  distributions,  phase  baek-emf,  eleetromagnetie  torque,  and  winding  induetanee 
ean  then  be  ealeulated.  Few  assumptions  are  used  in  formulating  the  analytieal  sub-domain  model  i.e.  infinite 
permeability  in  the  rotor  and  stator  eores;  no  eonduetivity  in  the  rotor  and  stator  eores;  the  eddy  eurrent 
reaetion  field  is  negleeted  in  this  model;  the  teeth  are  spoke  shaped  (radial  slot  boundaries);  end-effeet  is 
negleeted;  and  linear  magnet  properties  [19].  In  order  to  simplify  the  analytieal  sub-domain  modelling,  in  this 
paper,  only  two  regions  are  eonsidered,  i.e.  magnet  region  and  airgap  region.  The  magnetie  flux  density  in  the 
airgap  is  obtained  analytieally  using  (7)  and  (8)  for  its  radial  and  tangential  eomponents  respeetively  [20] 
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where  Mn  is  the  magnetization  eomponent  for  the  permanent  magnet,  lij.  is  the  relative  permeability,  Rr  is  the 
rotor  radius,  Rm  is  the  magnet  radius,  Rs  is  the  stator  inner  radius,  Qs  is  the  slot  number,  p  is  the  pole-pair 
number,  and  is  the  permeability  of  the  air.  While  Aq,  Aan,  and  are  the  Fourier  series  eoeffieients  of  the 
eomplex  relative  permeanee  funetion  (CRPF). 


3.  RESULTS  AND  ANALYSIS 
3.1.  Magnetic  vector  potential 

It  is  important  to  ascertain  that  the  flux  patterns  are  correct  as  expected  by  field  distributions  in  the 
permanent  magnet.  Applying  the  magneto- static  analysis  [21]  which  is  available  in  the  2D  finite  element 
analysis  (FEA),  the  open-circuit  magnetic  field  distributions  across  the  machine  sectional  area  can  be 
predicted  as  illustrated  in  Figure  4.  Each  machine  is  modelled  with  three  different  magnetization  patterns  for 
the  surface-mounted  rotor  magnets  i.e.  radial  magnetization  (RM),  parallel  magnetization  (PaM),  and 
segmented  Halbach  magnetization  (SH).  The  magnetic  flux  lines  flow  from  one  magnet  to  adjacent  magnets 
with  different  polarities.  Since  this  motor  has  four  magnetic  poles,  there  are  four  magnetic  flux  semi-circles 
in  the  rotor  core. 


(a)  PMSM  with  RM 


(b)  PMSM  with  PaM 


(c)  PMSM  with  SH 


Figure  4.  Magnetic  field  distributions  during  open-circuit  for  five-phase,  lO-slot/4-pole  PMSM  under 

different  magnetization  patterns 


3.2.  Flux  density  distribution 

The  open-circuit  flux  density  distributions  for  RM,  PaM  and  SH  magnetized  magnets  are  computed 
from  2D  FEA  as  shown  in  Figure  5.  The  highest  values  of  magnetic  flux  density  are  1.52T,  1.5  IT,  and  1.55T 
for  machines  with  RM,  PaM  and  SH  respectively.  These  highest  values  are  observed  mainly  in  the  stator 
teeth  and  stator  yoke.  The  magnetic  flux  density  from  the  SH  magnetization  in  the  lO-slot/4-pole  machine 
during  open-circuit  condition  is  the  highest  compared  with  the  RM  and  PaM  magnetization  patterns.  During 
on-load  condition,  the  magnetic  flux  density  in  the  machine  is  further  influenced  by  the  types  of  winding  in 
the  machine.  Referring  to  Figure  6,  it  can  be  observed  that  the  flux  density  is  varied  throughout  the  machine 
cross-sectional  area.  The  PM  machines  are  excited  with  sinusoidal  phase  current  of  5A  peak.  Higher  flux 
density  inside  tooth  tip  area  is  observed  during  the  on-load  operation.  However,  among  these  three  winding 
configurations,  DLDW  produces  the  highest  magnetic  flux  density  as  shown  in  Figure  6 
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OT  0.76T  1.52T 


OT  0.75T  1.51T 


OT  OJST  L55T 


{c)SH 

Figure  5.  Contour  of  flux  density  distribution  during 
open-eireuit  eondition  under  different  magnetization 
patterns 


arm, 


OT  1.09T  2. 1ST 


OT  1.04T  2.0ST 


OT  1.13T  2257 


{c)DLDW 


Figure  6.  Contour  of  flux  density  distribution  during 
on-load  eondition  for  SH  under  different  winding 
eonfigurations 


Additionally,  the  airgap  flux  density  distribution  is  one  of  the  most  important  parameters  to  be 
optimized  when  designing  PMSM.  By  using  2D  FEA,  the  flux  density  distribution  in  the  airgap  ean  be 
eomputed  for  PMSMs  with  RM,  PaM  and  SH  as  represented  in  Figure  7. 


Rotor  Position  (elec,  deg.) 
(a)  Radial  component  Br 


Rotor  Posit  ion  [  e  I  e  c..  deg.) 
(b)  Tangential  eomponent  Bt 


Figure  7.  Flux  density  distributions  in  mid  airgap  (radius  25.5mm)  under  different  magnetization  patterns 
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3.3.  Phase  back-emf  and  harmonics 

The  phase  back-emf  waveforms  of  lO-slot/4-pole  PMSMs  for  RM,  PaM  and  SH  are  shown  in  Figure 
8.  It  is  noted  that  the  phase  back-emf  for  the  machine  with  RM  and  PaM  are  trapezoidal  in  shape,  but  the 
machine  with  PaM  exhibits  slightly  higher  magnitude  of  phase  back-emf  than  the  machine  with  RM. 
Additionally,  the  phase  back-emf  for  the  machine  with  SH  is  more  sinusoidal  and  higher  in  magnitude  with 
DLDW  compared  to  RM  and  PaM.  Meanwhile,  the  machine  with  SLCW  and  DLCW  configurations  generate 
exactly  the  same  magnitude  and  shape  of  phase  back-emf 


0  60  120  ISO  240  300  360 

Rotor  Position  [eloc.  deg.) 

(a) 


0  60  120  ISO  240  300  360 

Rotor  Position  [eloc.  deg.) 

(b) 


O  60  120  ISO  240  300  360 

Rotor  Position  (elec,  deg.) 

(C) 


0  60  120  ISO  240  300  360 

Rotor  Position  (elec,  deg.) 

(d) 


Figure  8.  Phase  and  Fine-Fine  back-emfs  of  five-phase,  lO-slot/4-pole  PMSM  for  different  winding 
configurations  and  magnetization  patterns,  (a)  Phase  back-emf  for  SFCW  and  DFCW,  (b)  Fine  back-emf  for 
SFCW  and  DFCW,  (c)  Phase  back-emf  for  DFDW,  (d)  Fine  back-emf  for  DFDW 


3.4.  Cogging  torque 

Generally,  cogging  torque  exists  from  the  interaction  of  permanent  magnet  MMF  harmonics  and  the 
air  gap  permeance  harmonics  due  to  slotting.  A  low  cogging  torque  may  be  achieved  when  the  ratio  of  the 
slot  number  to  pole  number  is  fractional,  and  the  smallest  common  integer  Nscm  between  the  slot  number  and 
pole  number  is  high.  Since  the  PM  machines  under  consideration  have  lO-slot/4-pole  numbers,  therefore,  the 
smallest  common  integer  Nscm  is  20.  As  a  result,  the  cogging  torque  waveform  is  repeating  every  18^  mech. 
or  36^  elect.  The  system  variable  RMTORQUE  in  OPERA2D  software  computes  the  cogging  torque  when 
the  machine  is  simulated  during  open-circuit  condition  as  shown  in  Figure  9.  As  can  be  seen,  both  PM 
machines  with  PaM  and  RM  have  an  almost  similar  shape  of  the  cogging  torque  waveform.  However, 
machine  with  PaM  has  slightly  smaller  cogging  torque  compared  to  machine  with  RM.  As  expected,  a  PM 
machine  with  SH  exhibits  almost  zero  cogging  torque. 


Performance  evaluation  of  multi-phase  permanent  magnet  synchronous  motor  based  on  (Dahaman  Ishak) 


1204  □ 


ISSN:  2088-8694 


0  18  36  54  72 

Rotor  Position  (elec,  deg.) 


Figure  9.  Cogging  torque  for  five-phase  ,10-slot/4-pole  PMSM  under  different  magnetization  patterns 


3.5.  Electromagnetic  torque 

During  the  on-load  eondition,  eleetromagnetie  (EM)  torque  is  simulated  in  2D  FEA  rotating 
maehine  analysis  by  exeiting  phase  eurrents  of  5A  peak  into  the  stator  windings.  The  EM  torque  waveforms 
of  the  five-phase,  lO-slot/4-pole  maehine  for  three  magnetization  patterns  are  shown  in  Figure  10.  The  EM 
torque  for  the  motor  with  PaM  is  the  highest  than  RM  and  SH.  The  maehine  with  SH  has  the  lowest  EM 
torque.  This  is  quite  expeeted  sinee  the  fundamental  baek-emf  is  highest  for  the  maehine  with  PAM  and 
lowest  for  SH,  as  shown  earlier  in  Table  2.  In  addition,  the  maehines  with  DLDW  produees  the  highest  EM 
torque,  while  the  SLCW  has  a  lowest  EM  torque  value  eompared  to  other  types  of  windings.  Partieularly,  the 
torque  ripple  in  the  maehines  whieh  have  DLDW  are  the  highest  eompared  to  others.  The  average  EM  torque 
and  peak-to-peak  torque  ripple  are  listed  in  Table  3. 


Rotor  Position  (elec,  deg.) 

Figure  10.  Eleetromagnetie  torque  for  five-phase,  lO-slot/4-pole  PMSM  under  different  magnetization 

patterns 


Table  3.  Eleetromagnetie  torque  with  5 A  sinusoidal  phase  eurrent 


Magnetization 

Patterns 

Winding 

Configurations 

Average  EM 
Torque  (Nm) 

Peak-to-Peak 
Torque  Ripple 
(Nm) 

Peak-to-Peak 
Torque  Ripple 
(%) 

SLCW 

6.32 

0.93 

14.71 

RM 

DLCW 

6.49 

0.95 

14.71 

DLDW 

10.5 

1.10 

10.53 

SLCW 

6.59 

0.72 

10.97 

PaM 

DLCW 

6.78 

0.68 

10.09 

DLDW 

10.9 

0.82 

7.59 

SLCW 

6.13 

0.025 

0.42 

SH 

DLCW 

6.24 

0.029 

0.46 

DLDW 

10.1 

0.10 

0.99 

3.6.  Skewing  method 

The  eogging  torque  in  lO-slot/4-pole  PMSM  with  RM  and  PaM  ean  be  further  minimized  by  applying 
the  skewing  method  in  2D  FEA  [22-25].  There  is  no  more  eogging  torque  minimization  required  for  SH  sinee 
it  already  exhibits  almost  zero  eogging  torque  i.e.  0.04  Nm  peak.  Using  OPERA2D  software,  the  stator  eore 
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of  lO-slot/4-pole  PM  machine  has  been  sliced  into  three  axial  segments.  Each  axial  segment  of  the  stator  is 
skewed  with  an  inclination  angle  equal  to  6°  mechanical,  making  total  skew  angle  a{  of  18''  mechanical. 
Figure  11  shows  the  cogging  torque  reduction  for  the  lO-slot/4-pole  PM  machine  for  RM  and  PaM 
respectively.  The  resultant  cogging  torque  is  nearly  nine  times  smaller  than  the  initial  value.  However,  PM 
machine  with  skewed  stator  has  slightly  lower  phase  back-emf  due  to  the  skewing  effect. 


Figure  11.  Cogging  torque  minimization  using  skewing  method  for  five-phase,  lO-slot/4-pole  PMSM 


4.  CONCLUSION 

This  paper  has  investigated  the  influence  of  different  winding  configurations  and  magnetization  patterns 
on  the  performance  of  a  five-phase,  lO-slot/4-pole  PMSM.  Generally,  lO-slot/4-pole  PMSM  can  produce 
different  machine  performance  due  to  the  differences  in  magnetization  patterns  and  winding  configurations. 
Further,  it  is  also  shown  that  better  machine  performance  can  be  achieved  by  applying  the  skewing  method  in 
2D  FEA  to  minimize  the  cogging  torque.  In  terms  of  phase  back-emf,  the  machine  with  segmented  Halbach 
exhibits  the  most  sinusoidal  waveform.  Whereas,  the  PMSM  with  radial  and  parallel  magnetizations  induce 
more  trapezoidal  shape  of  phase  back-emf  The  five-phase,  lO-slot/4-pole  PMSM  with  double-layer 
distributed  winding  (DFDW)  for  parallel  magnetization  (PaM)  gives  the  best  machine  performance  compared 
to  other  types  of  machines,  in  terms  of  higher  magnitude  of  fundamental  phase  back-emf,  lower  cogging 
torque,  and  higher  electromagnetic  torque.  Future  research  will  be  focused  on  the  torque  versus  speed  of  the 
PMSM  in  order  to  determine  its  suitability  in  the  electric  vehicles  and  hybrid  electric  vehicles. 
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